abstract Few methods exist for obtaining the internal dimensions of transmembrane pores for which 3-D structures are lacking or for showing that structures determined by crystallography reflect the internal dimensions of pores in lipid bilayers. Several approaches, involving polymer penetration and transport, have revealed limiting diameters for various pores. But, in general, these approaches do not indicate the locations of constrictions in the channel lumen. Here, we combine cysteine mutagenesis and chemical modification with sulfhydryl-reactive polymers to locate the constriction in the lumen of the staphylococcal ␣ -hemolysin pore, a model protein of known structure. The rates of reaction of each of four polymeric reagents (MePEG-OPSS) of different masses towards individual single cysteine mutants, comprising a set with cysteines distributed over the length of the lumen of the pore, were determined by macroscopic current recording. The rates for the three larger polymers (1.8, 2.5, and 5.0 kD) were normalized with respect to the rates of reaction with a 1.0-kD polymer for each of the seven positions in the lumen. The rate of reaction of the 5.0-kD polymer dropped dramatically at the centrally located Cys-111 residue and positions distal to Cys-111, whether the reagent was applied from the trans or the cis side of the bilayer. This semi-quantitative analysis sufficed to demonstrate that a constriction is located at the midpoint of the pore lumen, as predicted by the crystal structure, and although the constriction allows a 2.5-kD polymer to pass, transport of a 5.0-kD molecule is greatly restricted. In addition, PEG chains gave greater reductions in pore conductance when covalently attached to the narrower regions of the lumen, permitting further definition of the interior of the pore. The procedures described here should be applicable to other pores and to related structures such as the vestibules of ion channels. 
abstract Few methods exist for obtaining the internal dimensions of transmembrane pores for which 3-D structures are lacking or for showing that structures determined by crystallography reflect the internal dimensions of pores in lipid bilayers. Several approaches, involving polymer penetration and transport, have revealed limiting diameters for various pores. But, in general, these approaches do not indicate the locations of constrictions in the channel lumen. Here, we combine cysteine mutagenesis and chemical modification with sulfhydryl-reactive polymers to locate the constriction in the lumen of the staphylococcal ␣ -hemolysin pore, a model protein of known structure. The rates of reaction of each of four polymeric reagents (MePEG-OPSS) of different masses towards individual single cysteine mutants, comprising a set with cysteines distributed over the length of the lumen of the pore, were determined by macroscopic current recording. The rates for the three larger polymers (1.8, 2.5, and 5.0 kD) were normalized with respect to the rates of reaction with a 1.0-kD polymer for each of the seven positions in the lumen. The rate of reaction of the 5.0-kD polymer dropped dramatically at the centrally located Cys-111 residue and positions distal to Cys-111, whether the reagent was applied from the trans or the cis side of the bilayer. This semi-quantitative analysis sufficed to demonstrate that a constriction is located at the midpoint of the pore lumen, as predicted by the crystal structure, and although the constriction allows a 2.5-kD polymer to pass, transport of a 5.0-kD molecule is greatly restricted. In addition, PEG chains gave greater reductions in pore conductance when covalently attached to the narrower regions of the lumen, permitting further definition of the interior of the pore. The procedures described here should be applicable to other pores and to related structures such as the vestibules of ion channels. Protein pores allow molecules of several hundred daltons or more to pass through biological membranes. Examples include the outer membrane porins of gramnegative bacteria, pore-forming toxins, and components of the immune system such as perforin and the membrane-attack complex of complement. Various techniques have been used to measure the effective diameters of pores in the absence of structural information. Efforts to measure internal geometry, including the sites of internal constrictions, have been more limited because of the technical difficulty of this task.
Experimental approaches to the determination of the pore diameter have included single channel recording. Many pores exhibit roughly ohmic behavior and, in this case, the unitary conductance can be translated into a pore diameter by making simplifications, notably the assumption of a cylindrical geometry (Menestrina, 1986; Hille, 1992; Korchev et al., 1995) . In a second approach, the interactions of water-soluble polymers and other large molecules with pores have been examined. Two types of measurements can be made: (1) the ability of a polymer to penetrate into the lumen of a pore; and (2) the ability of a polymer to be transported across the bilayer by a pore. If the geometry of a pore were cylindrical, these approaches would give similar results. However, cylindrical geometry cannot be assumed, and penetration and transport must be distinguished.
The ability of polymers to penetrate pores can be manifested by the reductions in conductance brought about by polymer within the pore (Krasilnikov et al., 1992) or changes in access resistance, the ability of the adjacent electrolyte to feed ions to the entrance of a pore (Vodyanoy and Bezrukov, 1992; Bezrukov and Vodyanoy, 1993) . Penetration of polymers into the lumen of a pore is also apparent as single channel noise (Bezrukov and Vodyanoy, 1993; Bezrukov et al., 1994; Bezrukov, 2000) . The noise may be enhanced by interactions with the wall of the lumen (Bezrukov et al., 1996; Bezrukov and Kasianowicz, 1997) . Techniques other than electrical recording are available to deter-mine the penetration of molecules into pores. For example, the ability of a large molecule to enter a pore and quench a fluorescent dye located inside it can be measured (Hamman et al., 1997) .
Transport assays with large molecules include measurements of the ability of fluorescent dyes or radiolabeled molecules to pass through pores (Scherrer and Gerhardt, 1971; Füssle et al., 1981; Schwab et al., 1994; Bevans et al., 1998) . The translocation of nucleic acids through pores in a transmembrane potential can be verified by PCR, but more readily inferred from current recordings . In one case, the diameter of the pore was revealed by the ability to transport single-stranded but not double-stranded DNA . In other cases, double-stranded DNA appears to be transported (Szabò et al., 1997 (Szabò et al., , 1998 . The failure of a polymer to be transported can also be revealed by osmotic effects with assays such as red cell lysis and liposome swelling (Decad and Nikaido, 1976; Colombini, 1980; Palmer et al., 1993; Fajardo et al., 1998 ).
An attractive means to define the internal geometry of pores has been investigated by Krasilnikov and colleagues who have determined the diameters of both entrances and the sites of constrictions in the voltagedependent anion channel (Carneiro et al., 1997) , colicin Ia (Krasilnikov et al., 1998) , and staphylococcal ␣ -hemolysin ( ␣ HL; 1 Merzlyak et al., 1999) by analyzing the unitary conductance before and after application of a penetrating polymer to one side of the bilayer and a nonpenetrating polymer to the other side. The site of binding of a rigid macromolecule, ␤ -cyclodextrin, in the ␣ HL pore has been inferred from the results of mutagenesis studies (Gu et al., 1999) .
Here, we introduce an approach that combines cysteine mutagenesis and chemical modification (Akabas et al., 1992; Krishnasastry et al., 1994; Holmgren et al., 1996; Horn, 1998; Karlin and Akabas, 1998) with the use of polymeric reagents (Holz and Finkelstein, 1970; Scherrer and Gerhardt, 1971; Decad and Nikaido, 1976; Colombini, 1980) . Recently, we showed that a single PEG molecule covalently tethered inside the ␣ HL pore produces a substantial reduction in unitary conductance Movileanu et al., 2000) . Therefore, the stage was set to test our approach by targeted modification of cysteine mutants of ␣ HL. ␣ HL is a 293-residue polypeptide, which assembles in lipid bilayers to form a mushroom-shaped heptameric transmembrane pore (Song et al., 1996) . There are two distinct regions of the lumen of the assembled protein (see Fig. 1 ). On the cis side, the protein contains a large cavity, which measures ‫ف‬ 46 Å in internal diameter and is entirely located within the extramembranous domain. In the transmembrane domain, the channel lumen narrows to form a 14-stranded ␤ -barrel with an average internal diameter of ‫ف‬ 20 Å. In the crystal structure, the two domains are separated by a constriction with a diameter of ‫ف‬ 14 Å (see Fig. 1 ).
In our approach, the rates of reaction of each member of a set of four polymeric reagents with individual single cysteine mutants were determined by macroscopic current recording. The cysteines were distributed along the length of the lumen of the pore. A semi-quantitative analysis sufficed to demonstrate that the constriction is at the midpoint of the pore lumen, near residue 111 as predicted by the crystal structure, and restricts the passage of a PEG of 5.0 kD, but not a PEG of 2.5 kD. The relatively low concentrations of polymers used here obviate some of the problems associated with higher concentrations including effects on solution conductivity and ion activity, osmotic stress on the protein under investigation, and the relatively poor understanding of polymer properties in the "semi-dilute" regime. The procedure should be applicable to other pores and to related structures such as the vestibules of ion channels.
M A T E R I A L S A N D M E T H O D S

Cysteine Scanning Mutagenesis
Single cysteine mutants were constructed by cassette mutagenesis using a reconstructed ␣ HL gene in a T7 vector (pT7-␣ HL-RL2; Cheley et al., 1999) . The ␣ HL-RL2 gene features 10 unique restriction sites that span codons 103-158, which allows convenient mutagenesis of the ␤ -barrel and triangle regions of the ␣ HL pore. To construct the mutant S106C, pT7-␣ HL-RL2 was digested with SacII and HpaI, and the resulting internal sequence was replaced with duplex DNA prepared from 5 Ј -GGAATTGCATTG-ATACAAAAGAGTATATGAGTACGCT-3 Ј (sense) and 5 Ј -AGC-GTACTCATATACTCTTTTGTATCAATGCAATTCCGC-3 Ј (antisense). The cysteine codon is underlined. Before sequence verification, plasmids were screened by digestion with HpaI. This restriction site is present in the ␣ HL-RL2 gene but absent from S106C DNA. Another single cysteine mutant, M113C, was constructed by using a similar strategy. pT7-␣ HL-RL2 was digested with SacII and HpaI, and the internal fragment was replaced with duplex DNA prepared from 5 Ј -GGAATTCGATTGATACAAA-AGAGTATTGCAGTACGTT-3 Ј (sense) and 5 Ј -AACGTACTG-CAATACTCTTTTGTATCAATCGAATTCCGC-3 Ј (antisense). To construct T117C, pT7-␣ HL-RL2 was digested with HpaI and BstEII, and the internal fragment was replaced with duplex DNA prepared from 5 Ј -ATGTTACGGATTCAACG-3 Ј (sense) and 5 Ј -GTTACCGTTGAATCCGTAACAT-3 Ј (antisense). An internal BsiWI site that is present in the ␣ HL-RL2 gene but absent in T117C DNA was used to screen for cassette replacement before DNA sequencing. To construct L135C, pT7-␣ HL-RL2 was digested with SpeI and ApaI, and the internal fragment was replaced by the cassette prepared from 5 Ј -CTAGTAAAATT-GGAGGGTGTATTGGGGCC-3 Ј (sense) and 5 Ј -CCAATACAC-CCTCCAATTTTA-3 Ј (antisense). A StuI site present in the ␣ HL-RL2 gene but absent in L135C DNA was used for screening before DNA sequencing. Mutants K8C, E111C, and T129C were also used in the present study and had been constructed previously (Walker and Bayley, 1995) . All mutants were verified by sequencing the entire ␣ HL gene.
Homoheptamer Formation and Purification
For bilayer experiments, mutant ␣ HL polypeptides were synthesized in vitro by coupled transcription and translation and assembled into homoheptamers by the inclusion of rabbit red cell membranes during synthesis as previously described . To protect cysteine residues from oxidation, the procedure was modified as follows. A suspension of rabbit red blood cell membranes (20 l, 1 mg/ml) was diluted with MBSA buffer (500 l of 10 mM MOPS, 150 mM NaCl, pH 7.4, titrated with NaOH, containing 1 mg/ml BSA). The membranes were spun down (for 5 min at 21,000 g ) and the supernatant was removed. The washed membrane pellet was resuspended in a translation mix (100 l) containing 16 l of mutant DNA (400 g/ml), 40 l premix, 10 l complete amino acid mix, 30 l S30 extract (No. L114A; Promega) and 4 l of [ 35 S]methionine (1,200 Ci/mmol; Amersham Pharmacia Biotech). After 1 h at 37 Њ C, the membranes were pelleted (for 5 min at 21,000 g ), resuspended in MBSA containing 2 mM DTT (500 l), and recovered by centrifugation. The washed membrane pellet containing the assembled mutant heptamer was solubilized in 50 l of sample buffer containing 715 mM ␤ -mercaptoethanol (without heating) and applied to one lane of an 8% SDS-polyacrylamide gel (Laemmli, 1970) . The cathode buffer contained 0.1 mM sodium thioglycolate. After overnight electrophoresis, the untreated gel was dried under vacuum at 50 Њ C onto Whatman 3MM paper and exposed to an X-ray film for 1 h. The gel slice containing mutant heptamer was excised using the autoradiogram as the template and rehydrated in a 1.5-ml microcentrifuge tube with 10 mM Tris-HCl, pH 7.5, containing 2 mM DTT (400 l). After removing the paper backing with flamed forceps, the gel slice was crushed with a disposable plastic pestle. The tube was sealed with parafilm and the mix was rotated overnight at 4 Њ C. Gel fragments were removed from the eluted protein by centrifugation through a 0.2-m cellulose acetate spin filter (microfilterfuge tube No. 7016-024; Rainin). The recovered filtrate containing the gel-purified homoheptamer ( ‫ف‬ 0.2 g/ml) was stored in 50-l aliquots at Ϫ 80 Њ C.
Polymeric Sulfhydryl Reagents
The following water-soluble polymeric sulfhydryl reagents were used without further purification: monomethoxypoly ( The purity and homogeneity of the MePEG-OPSS reagents were determined by modifying a radiolabeled monomeric cysteine mutant of ␣ HL (K8C), followed by analysis of the products by SDS-PAGE and quantitative autoradiography . PEG-modified monomeric ␣ HL migrates more slowly than the unmodified protein in SDS gels. Hence, the extent of modification by MePEG-OPSS could be determined. All four Me-PEG-OPSSs modified between 90 and 95% of K8C. This high extent of modification indicates the absence of sulfhydryl-reactive impurities, such as 2,2 Ј -dipyridyl disulfide, which is used for the synthesis of the MePEG-OPSSs (Woghiren et al., 1993) . ␣ HL mutants blocked by this impurity would comigrate with unmodified ␣ HL and lower the apparent extent of modification. The absence of impurities was also shown by TLC using precoated, fluorescent silica plates (No. 5719-2; Merck) eluted with ethyl acetate/acetone/water (1:10:2).
The mass distribution of the polymer in the MePEG-OPSSs was assessed from the broadening of the gel bands of MePEG-modified ␣ HL K8C. The bands were only slightly broadened, indicating that the molecular size distribution of all four of the MePEG polymers is narrow as suggested by the M w /M n ratios determined by gel permeation chromatography. The pK a of the pyridyl group in MePEG-OPSS was determined by measuring the absorption of a 0.1-mM solution of MePEG-OPSS-1k between 230 and 400 nm. The absorbance at 300 nm was plotted versus pH, while titrating over the range pH 1.0-9.0 by the addition of 0.1 M HCl or 0.1 M NaOH. The pK a value derived from the midpoint of the transition was 2.0. By comparison, the value for monoprotonated 2,2 Ј -dipyridyl disulfide is pK a ϭ 2.45 (Brocklehurst and Little, 1973) .
Planar Bilayer Recordings
Macroscopic (multichannel) current measurements were carried out with planar lipid membranes (Montal and Mueller, 1972; Braha et al., 1997; Howorka et al., 2000) . In brief, the A and B chambers (2 ml each) of the bilayer apparatus were separated by a 25-m thick Teflon septum (Goodfellow Corporation). An aperture in the septum of ‫ف‬ 150 m diam was pretreated with hexadecane (Sigma-Aldrich) dissolved in highly purified n-pentane (Burdick and Jackson; Allied Signal Inc.) at a concentration of 10% (vol/vol). The electrolyte in both chambers was 300 mM KCl, 5 mM Tris-HCl, pH 8.5, containing 100 M EDTA and 200 M DTT. The bilayer was formed with 1,2-diphytanoyl-sn-glycerophosphocholine (Avanti Polar Lipids Inc.). Bilayer formation was monitored by the increase in the membrane capacitance to a final value of 120-160 pF. ␣ HL was added to the B chamber, and the A chamber was at ground. As in previous papers, the cis entrance to the protein is in the cap, and the trans entrance is in the transmembrane ␤ barrel (see Fig. 1 ). A potential of Ϫ 40 mV at the trans entrance with respect to the cis entrance was maintained in all the experiments described here. Current flow is shown as positive and represents the positive charge moving from the B to the A chamber (i.e., from the cis entrance to the trans entrance of the pore). This current convention is opposite, with respect to the protein, to our previous papers. Measurements were performed at 23 Ϯ 0.5 Њ C.
The insertion of ␣HL pores into the bilayer was performed by adding gel-purified homoheptamers (5-20 l) to the B chamber to give a final protein concentration of 0.5 to 2 ng/ml. The B solution was stirred for 35-60 min until a steady multichannel current was obtained. Experiments were performed only if at least 20 channels inserted into the lipid bilayer. Currents were recorded by using a patch-clamp amplifier (model Axopatch 200B; Axon Instruments) connected to the chambers by Ag/AgCl electrodes, and monitored by a two-channel oscilloscope (model TAS250; Tektronix). The current traces were low-pass filtered with a builtin 4-pole Bessel filter at a frequency of 5 kHz and stored using a digital audio tape recorder (DAS-75; Dagan Corp.). A Pentium PC equipped with a DigiData 1200 A/D converter (Axon Instruments) was used for data acquisition. For computer analysis, the data was further filtered by an 8-pole Bessel filter (model 900; Frequency Devices) at a frequency of 100 Hz and sampled at 1 kHz. For display and further manipulation of the current traces, we used pCLAMP8 (Axon Instruments) and Origin6 (Microcal Software) after additional filtering at 30 Hz.
Apparent Rate Constants
We examined the reaction kinetics of seven cysteine mutants: five mutations were located in the ␤ barrel and the other two in the cavity (see Fig. 1 ). Taking into account the four polymeric reagents, and the two sites of application (chambers A and B, which are contacted by the trans and cis sides of the protein, respectively), there are 56 distinct experiments required to determine the reaction rates of the water-soluble PEG reagents at the different sites in the lumen of the pore. The values in this paper are means Ϯ SD for at least four experiments under each condition. 4 mM MePEG-OPSS was added to either the A or B chamber with continuous stirring at 700 rpm. The slightly alkaline pH of 8.5 was chosen to increase the extent of ionization of the cysteine residues and thereby increase their reaction rates. For instance, with the mutant pore M113C 7 or T129C 7 , reaction was hardly detectable at pH 7.0, even with MePEG-OPSS-1k. No change in the pH of the chamber occurred after addition of a polymeric reagent.
Once the macroscopic current remained unchanged, signifying that a reaction was complete, unreacted MePEG-OPSS was washed out of the chamber with a peristaltic pump. Finally, 10 mM DTT was added to both chambers to cleave the PEG chains from the protein and demonstrate that the unmodified pore could be regenerated. Stirring in both chambers was maintained at 700 rpm during the cleavage step. The time required for a complete experiment was 40-80 min.
The apparent first-order rate constants (kЈ) for reaction of the MePEG-OPSS reagents with cysteine sulfhydryls were determined by fitting the macroscopic current decays to the following exponential function (Pascual and Karlin, 1998): (1)
where the subscripts indicate the time at which the macroscopic current was measured, I 0 and I ϱ represent the currents corresponding to the beginning and end of the reaction, and t de- Figure 1 . Sagittal section through the heptameric ␣HL pore. The seven sites of cysteine substitution are indicated with their distances from the trans entrance. The internal diameters of the wild-type pore at the sites of substitution are also shown. The figure and dimensions were generated from crystallographic data (Song et al., 1996) with the SPOCK software package (Christopher, 1998) . The internal diameters were generated by fitting a circle to the coordinates of the C, N, or O terminal atoms of the amino acid side chains. For positions 8, 106, and 111, a few amino acid sidechains, which were oriented away from the molecular sevenfold axis, were ignored. In each of these cases, the circles were fitted to the terminal atoms of the remaining side chains, which were in the same plane. 2) where k is the second-order reaction rate constant, n S is the number of reactive cysteine sulfhydryls, and c PEG is the concentration of polymeric reagent in the lumen of the pore. For most cases, the decay of the macroscopic current (I t ) with time (t) could be fitted to a single exponential function yielding values for kЈ and I ϱ . The coefficient of determination (R 2 ) values were between 0.96 and 0.99. In the case of T117C 7 and MePEG-OPSS-1k, the reaction was biphasic and I ϱ for the first phase was determined as described in the text. Here, fitting of the early part of the time course revealed kЈ for the reaction of MePEG-OPSS-1k with the first sulfhydryl residue of the seven.
R E S U L T S
Experimental Design
We examined the reaction of MePEG-OPSS reagents with cysteines located at various positions throughout the lumen of the ␣HL pore (Fig. 1) . The homoheptameric mutant pores each contained seven cysteine residues. The reagents had the following masses: 1.0, 1.8, 2.5, and 5.0 kD. The MePEG-OPSSs react with cysteine sulfhydryls leaving a monomethoxy-PEG chain attached to the protein through a disulfide linkage (Fig. 2) . Under the conditions of the experiments, pH ϭ v kc PEG n s k′n s , = = 8.5, the reagents are neutral since the OPSS group has pK a ϭ 2.0, as determined by titration and spectrophotometry. The applied potential was the same for all the reactions described here, i.e., Ϫ40 mV at the trans entrance of the lumen with respect to the cis entrance.
Rates of Reaction of MePEG-OPSS Reagents with Cysteine Mutants of ␣HL
The apparent first-order rate constants (kЈ) for the reaction of the MePEG-OPSS reagents with the cysteine sulfhydryls could be measured over four orders of magnitude (Tables I and II) . The rates of reaction depended on the side of application, the mass of the reagent, and the position of the mutation. For example, when MePEG-OPSS-1k was applied from the trans side, kЈ varied by two orders of magnitude when the different positions within the lumen of the pore were compared (Fig. 3 A) . The most reactive cysteines were in T117C 7 and E111C 7 (Fig. 3 A) , with kЈ ϭ 1.2 Ϯ 0.1 s Ϫ1 (n ϭ 4) and 0.64 Ϯ 0.06 s Ϫ1 (n ϭ 4), respectively, for MePEG-OPSS-1k (Table I ). The least reactive cysteines were in T129C 7 and M113C 7 (Fig. 3 A) , with kЈ ϭ 0.043 Ϯ 0.002 s Ϫ1 (n ϭ 5) and 0.027 Ϯ 0.002 s Ϫ1 (n ϭ 4), respectively, for MePEG-OPSS-1k (Table I) . In another example, the time courses of reaction with all four MePEG-OPSSs from the cis side with a sin- gle mutant, T129C 7 , are shown ( Fig. 3 B and Table II) . We observed no change in the macroscopic current when MePEG-OPSS-5k was added to the cis side. The lowest measurable rate would be 0.00024 s Ϫ1 , for a 1% change in current per minute and a I ϱ /I 0 value of 0.3. However, a very slow change of the current was recorded with MePEG-OPSS-2.5k, kЈ ϭ 0.00091 Ϯ 0.00020 s Ϫ1 (n ϭ 4). The fastest reaction was with Me-PEG-OPSS-1k, kЈ ϭ 0.035 Ϯ 0.002 s Ϫ1 (n ϭ 4). In a final example, the reaction of single reagent, MePEG-OPSS-5k, with T117C 7 from both the trans and cis sides of the pore are compared (Fig. 3 C) . When MePEG-OPSS-5k is applied from the trans side, the reaction is rapid with kЈ ϭ 0.0072 Ϯ 0.0014 s Ϫ1 (n ϭ 7). By contrast, no reaction is seen when MePEG-OPSS-5k is applied from the cis side reaction. As noted above, this implies that kЈ Յ 0.00024 s Ϫ1 .
With the exception of T117C with MePEG-OPSS-1k (see next paragraph), the rates of reaction of the cysteines in the ␤ barrel (L135C, T117C, M113C, and E111C) with the MePEG-OPSS reagents represent the reaction of one sulfhydryl of the seven that are available. In the cases of L135C 7 , M113C 7 , and E111C 7 , the treatment of the single pores with MePEG-OPSS-1k showed a single step decrease in conductance to a value that was close to the value of I ϱ /I 0 obtained from macroscopic currents (L135C 7 , 38 Ϯ 4%, n ϭ 3; M113C 7 , 33 Ϯ 2%, n ϭ 3; and E111C 7 , 30 Ϯ 2%, n ϭ 3). In the case of S106C 7 , the current steps in single-channel experiments showed that up to three MePEG-OPSS-1k react, but only one molecule of the larger reagents attach in the lumen at this position (data not shown). Further, the I ϱ /I 0 values obtained from macroscopic currents were similar to those obtained from pores constructed with a Figure 3 . Examples of reaction time courses for MePEG-OPSS reagents with ␣HL cysteine mutants. ␣HL homoheptamers were purified by electrophoresis and allowed to insert into planar bilayers to give macroscopic currents (Ͼ20 pores). The applied potential was Ϫ40 mV. The signal was filtered with a low-pass Bessel filter at 100 Hz. The decrease in current was monitored after the addition of 4 mM MePEG-OPSS reagent at pH 8.5. After a new steady current level was reached, the Me-PEG was cleaved from the protein with DTT. (A) Reaction time courses for all seven mutated sites with one reagent (MePEG-OPSS-1k) applied from the trans side. (B) Reaction time courses at a single site (T129C) with all four polymeric reagents (MePEG-OPSS-1k, MePEG-OPSS-1.8k, MePEG-OPSS-2.5k, and MePEG-OPSS-5k) applied from the cis side. (C) Reaction time courses for a single site (T117C) with a single reagent (MePEG-OPSS5k) applied from either the trans or the cis side. single 3.4-or 5.0-kD PEG at position 106 , again suggesting that only one of the larger reagents reacts with each S106C 7 pore . In the cases of T129C 7 and K8C 7 , all seven cysteines can accommodate the larger MePEG chains Movileanu, L., unpublished results) . Therefore, the kЈ values for L135C 7 , T117C 7 (see next paragraph), M113C 7 , and E111C 7 represent rate constants for reaction at one of the seven available sulfhydryls. For T129C 7 and K8C 7 , and S106C 7 with MePEG-OPSS-1k, the macroscopic current decays could be fitted by single exponentials resulting in composite kЈ values for these positions, which only approximate the kЈ values for the first cysteines that react.
The Most Reactive Cysteine Mutant, Homoheptamer T117C 7 , Is Modified by a Second MePEG-1k
In most cases, the reaction with MePEG-OPSS in the ␣HL barrel followed a single exponential (Fig. 3) . However, it was apparent, by inspection of the plot of Ϫln((I t Ϫ I ϱ )/(I 0 Ϫ I ϱ )) versus time, that the reaction between MePEG-OPSS-1k and T117C 7 was more complex (Fig. 4 A) . The data suggested that MePEG-OPSS1k reacts with T117C 7 on more than one cysteine residue. To confirm this hypothesis, we performed measurements with 10-15 channels in the bilayer, a smaller number than usual (Fig. 4 B) . The current trace followed two distinct phases. The first was characterized by a fast stepwise decrease in the current with steps of 5.5 Ϯ 0.1 pA (n ϭ 55, in four separate experiments). In the second phase, the rate of decrease of the current was slower and occurred in steps of 2.5 Ϯ 0.2 pA (n ϭ 51, in four separate experiments). During the transition between the two phases, both the large and small current steps were seen. These data strongly suggest that two PEGs of 1 kD can react at position 117, the second causing a smaller decrease in current than the first.
A value of I ϱ /I 0 ϭ 0.31 obtained from a single-channel experiment was used to fit the first part of the curve for the reaction of MePEG-OPSS-1k with T117C 7 , yielding kЈ ϭ 1.2 Ϯ 0.1 s Ϫ1 (n ϭ 4) from the trans side and 1.0 Ϯ 0.1 s Ϫ1 (n ϭ 4) from the cis side. The first part of the cur- rent decay for reaction from the trans side was also fitted directly to a single exponential function, yielding kЈ ϭ 1.1 Ϯ 0.1 s Ϫ1 (n ϭ 4) and I ϱ /I 0 ϭ 0.30. The kinetics of channel block by MePEG-OPSS-1.8k, MePEG-OPSS-2.5k, and MePEG-OPSS-5k with T117C 7 could be fitted with single exponentials, suggesting that in these cases only a single MePEG becomes attached within the lumen of each pore. This conclusion was also supported by the I ϱ /I 0 values for these positions.
Relative Reaction Rates for the Seven Cysteine Mutants
The seven cysteine mutants displayed a wide range of reactivity towards the MePEG-OPSS reagents (Tables I  and II) . Therefore, to estimate the effect of polymer mass on reactivity, kЈ values were normalized with respect to the values obtained with MePEG-OPSS-1k, which was assumed to be highly permeant (Fig. 5 ). When applied from the trans side, MePEG-OPSS-1.8k reacted at almost the same normalized rate throughout the entire lumen, until the rate dropped off at the cis entrance (Fig. 5 A) . A similar pattern was observed for MePEG-OPSS-2.5k. By contrast, the rate of modification by MePEG-OPSS-5k dropped dramatically at position 111, where reaction was undetectable. Reaction was also undetectable at positions 106 and 8, which lie beyond 111 (Fig. 1) . However, it should be noted that the lowest detectable absolute rates at positions 106 and 8 would not produce lowered relative rates as dramatic as that seen at position 111, where the cysteine is highly reactive (Fig. 5 A) . In other words, because Cys-111 is very reactive towards MePEG-OPSS-1k (Tables I  and II) , we were able to estimate that MePEG-OPSS-5k is at least 2,600-fold less reactive than MePEG-OPSS-1k at this position based on the lowest measurable rate (see above). The rate is at least 19-fold lower than expected based on extrapolation of the rates of reaction of MePEG-OPSS-5k at positions 117 and 113. Because of their intrinsically low rates of reaction, the failure to detect a reaction at 106 and 8 with MePEG-OPSS-5k cannot be interpreted with certainty to reflect a lack of accessibility of the reagent.
When the MePEG-OPSS reagents were applied to the cis side, the 1.8-and 2.5-kD reagents also reacted throughout the channel lumen (Fig. 5 B) . A complementary pattern of reactivity was seen with MePEG-OPSS-5k when compared with the trans application. MePEG-OPSS-5k reacted with Cys-8 at the trans entrance and Cys-106 in the cavity, but reaction at position 111 was again undetectable. The lack of reaction at position 117, which is highly reactive towards MePEG-OPSS-1k was also diagnostic for greatly reduced accessibility to MePEG-OPSS-5k presented from the cis side. The rates at positions 111 and 117 were at least 50-and 85-fold lower, respectively, than expected based on extrapolation of the rates of reaction of MePEG-OPSS-5k at positions 8 and 106. Although no reaction was detected at positions 113, 135, and 129, the low intrinsic reactivity at these positions renders them less useful for determining accessibility (Fig. 5 B) .
Residual Currents with PEGs Tethered at Different Sites in the Lumen
The residual currents (I ϱ /I 0 ) after reaction with the Me-PEG-OPSSs were determined for the seven cysteine mutants (Fig. 6) . Reaction at the cis and trans entrances (positions 8 and 129) produced a modest decrease in conductance to I ϱ /I 0 ϭ 0.80-0.95, even though all seven cysteine residues react in these two cases. At position 106 within the cavity, the decrease in conductance was also small, I ϱ /I 0 ϭ 0.80-0.90, whether only one MePEG chain was attached (1.8, 2.5, and 5.0 kD) or three (1.0 kD). By contrast, a reaction within the ␤ barrel produced a decrease to I ϱ /I 0 ϭ 0.25-0.45. The effect at position 135 was significantly weaker than that at the other three positions in the barrel. Interestingly, the mass of the MePEG chain had little effect on I ϱ /I 0 .
D I S C U S S I O N
The purpose of the present study was to determine whether a set of neutral polymeric sulfhydryl-directed reagents might be used to determine the geometry of the lumen of a transmembrane protein pore. The test protein was staphylococcal ␣HL, which forms a heptameric pore of known 3-D structure. Specifically, it was hoped that the approach would reveal the location and dimensions of an internal constriction in the lumen of the pore. A set of seven single cysteine mutants of ␣HL was used in which the mutations were placed along the length of the lumen (Fig. 1) . The rates of reaction of each mutant with four reagents with masses of 1.0, 1.8, 2.5, and 5.0 kD were determined. The reagents were applied from both the trans and cis entrances of the pore in separate experiments.
We found that the cysteine mutants exhibited a wide range of reactivities. Therefore, the rates at each position were normalized to the rate observed with the 1.0-kD reagent. Presumably the different reactivities resulted from differences in the local environment of each cysteine (Holmgren et al., 1996; Pascual and Karlin, 1998; Lu et al., 1999) . Because sulfhydryls in their deprotonated forms react with pyridyl disulfides Little, 1970, 1973) , the affects of the microenvironment on the pK a of each cysteine residue must be of importance in determining reactivity. Further, bulky residues near a cysteine would be expected to decrease the rate of reaction, in this case through steric effects. Position 129, at the trans turn of the ␤ barrel, was surprisingly unreactive, suggesting that it is located close to the membrane surface where local pH, steric effects, and surface charge affect reactivity.
The relative rates of reaction at each position were plotted against the distance from the trans entrance of the pore (Fig. 5) . First, it is clear that all four reagents can penetrate both the trans and cis entrances. The dependence of the rates of reaction on the mass of the polymers reflects the dimensions of the lumen, as will be shown elsewhere (Movileanu, L., manuscript in preparation) . In the present work, we focus on discontinuities in the relative reaction rates as a function of the distance from an entrance. Whether they are applied to the trans or cis entrance, the lower mass polymers of 1.8 and 2.5 kD show similar rates of reaction within the lumen relative to the rates of the 1-kD reagent. By contrast, the 5.0-kD polymer reacts only at positions 129, 135, 117, and 113 when applied from the trans entrance. At positions further from the trans entrance (positions 111, 106, and 8), no reaction can be detected. When applied from the cis entrance, the 5.0-kD polymer reacts at positions 8 and 106, but not at 111, 113, 117, 135, and 129. These results suggest that there is a constriction near position 111, through which the 5-kD reagent cannot pass. Examination of the crystal structure of heptameric ␣HL (Song et al., 1996; Fig. 1) suggests that the constriction arises from bulky amino acid side chains, notably those of Lys-147, as the polypeptide backbone in the barrel generates a cylinder of almost uniform cross-section. We suggest that reagent in a chamber of the bilayer apparatus is in equilibrium with the solution in the lumen before the constriction. Beyond the constriction, there is a steady-state concentration of reagent determined by the rate of flux into the distal chamber, where the concentration of the reagent is initially zero and always negligible.
Several additional results are incidental to the main findings concerning the location and dimensions of the constriction. The stark contrast between reaction rates at specific residues depending on whether MePEG-OPSS-5k is presented from the trans or the cis side of the protein (e.g., at position 117, Fig. 3 c) shows that ␣HL is in a single orientation in the bilayer. The similar reaction rates at specific positions for each lower mass polymer whether presented from the trans or cis entrance confirms that the polymers are neutral species at pH 8.5. The mean kЈ trans for MePEG-OPSS-1k for all residues except those at the entrances (positions 129 and 8) is 0.50 s Ϫ1 . The corresponding mean kЈ cis value is 0.51 s Ϫ1 . Charged polymers would be expected to react at different rates from each side in the same transmembrane potential. The finding that the lower mass polymers presented at the trans entrance react at the cis entrance (and vice versa) shows that the neutral polymers pass through the pore, which was not demonstrated in earlier work using bilayer recording (Krasilnikov et al., 1992; Bezrukov and Vodyanoy, 1993; Bezrukov et al., 1994 Bezrukov et al., , 1996 Bezrukov and Kasianowicz, 1997; Bezrukov, 2000) , although transport and osmotic protection experiments did show this (Füssle et al., 1981; Palmer et al., 1993) . Finally, the results show that a flexible neutral polymer of 5 kD, with a hydrodynamic radius of 22.5 Å (Krasilnikov et al., 1992) , which is greater than the radii of the channel entrances (trans, ‫01ف‬ Å; and cis, ‫51ف‬ Å), can penetrate into the lumen of the pore.
Once covalently attached, the polymers affect the conductance of the ␣HL pores (Fig. 6 ). Single polymers attached in the narrower part of the lumen have a greater effect on conductance than polymers attached at the entrances or in the cis cavity. Therefore, this measurement provides a separate means by which to determine pore geometry. Rather than define the position of a constriction, the conductance measurements appear to afford a rough estimate of relative diameter in the vicinity of the site of attachment: the narrower the diameter, the greater the effect of polymer attachment on conductance. Interestingly, the extent of block is largely independent of the mass of the polymer. In the cases of the residues in the barrel, 135, 117, 113, and 111, the attached polymer may be extruded through the trans entrance, in which case the block would result from the segment remaining in the barrel and the lack of dependence on mass would be reasonable. In the case of position 106, we know that a 5-kD polymer is at least partly extruded from the lumen, on the basis of gel shift experiments Movileanu et al., 2000) . A 3.4-kD polymer at position 106 also spends a substantial fraction of time in the cis aqueous phase . Therefore, the similar block observed with the four polymers at position 106 may also be rationalized by the proposition that in each case a segment of similar length is present in the lumen, in this case in the cavity rather than the barrel. Polymer attached at the entrances is presumably largely in the aqueous phase, explaining the low extents of block at positions 129 and 8.
Polymers have been used to size pores in previous studies, several of which have involved single channel measurements. In most cases, the polymers have been applied simultaneously to both sides of the lipid bilayer and, in the cases of ␣HL, the results have indicated that PEGs of ‫2ف‬ kD can partition into the channel lumen to a sufficient extent to produce a marked decrease in conductance and/ or excess channel noise (Krasilnikov et al., 1992; Bezrukov and Vodyanoy, 1993; Bezrukov et al., 1994 Bezrukov et al., , 1996 Bezrukov and Kasianowicz, 1997; Bezrukov, 2000) . The movement of nucleic acids through the ␣HL pore also has been demonstrated . The effective diameter of the pore can be gauged from its ability to transport single-stranded but not double-stranded DNA, which has a diameter of ‫02ف‬ Å . These previous findings are generally consistent with the results presented here.
Only recently has the internal geometry of pores been approached by the use of inert neutral polymers. Krasilnikov and colleagues determined the diameters of both entrances and the sites of constrictions in the voltage-dependent anion channel (Carneiro et al., 1997) , colicin Ia (Krasilnikov et al., 1998) , and staphylococcal ␣-hemolysin (Merzlyak et al., 1999) . In these experiments, the unitary conductance was examined before and after the application of a penetrating polymer to one side of the bilayer and a nonpenetrating polymer to the other side. This approach requires the use of high concentrations of polymers (20% in the studies cited), which has several disadvantages including the following: effects on solution conductivity and ionic activity (including changes in access resistance); the generation of streaming potentials; osmotic stress on the protein under investigation (Zimmerberg and Parsegian, 1986) ; the relatively poor understanding of polymer physics in the semi-dilute regime (where polymer-polymer interactions are significant); and possible interference by impurities in the polymer. Despite these reservations, the findings of Merzlyak and colleagues are also largely consistent with our results.
The present approach, in which far lower concentrations of polymers are used (0.4-2% [wt/vol] ) is based on previous studies in which the topologies of ion channels were mapped with low molecular mass sulfhydryl reagents (Akabas et al., 1992; Holmgren et al., 1996; Horn, 1998; Karlin and Akabas, 1998) . For example, Wilson and Karlin (1998) located the gate in the nicotinic acetylcholine receptor, which is opened and closed by activating ligands, by reaction with small methanethiosulfonate reagents. A second advantage of our approach is that macroscopic currents are used, although single channel recordings can provide additional information. The need for extensive mutagenesis is certainly a disadvantage. Nevertheless, comprehensive cysteine mutagenesis is often the first order of the day when a new channel or pore is discovered, so this drawback may be less severe than appears at first sight. In addition, the approach may be difficult to implement in the absence of a 3-D structure, yet with a structure it provides little additional information, in most circumstances. However, the advent of better protein folding programs, especially for membrane proteins, and the increasing availability of prototypical membrane protein structures diminish the severity of this limitation by providing testable predictions. In the case of ␣HL homoheptamers, the presence of seven sulfhydryls led to complications (described above) that would not arise in other situations. However, even in the case of proteins such as ␣HL, the difficulties can be surmounted by the use of artificial heteromers containing single cysteine residues (Gouaux et al., 1994; Braha et al., 1997; Cheley, S., unpublished work) . By contrast, with the present approach, the use of inert polymers requires no mutagenesis and provides data on the wild-type protein rather than mutant forms (Merzlyak et al., 1999) .
Our data suggest that polymeric sulfhydryl-directed reagents will be useful for determining the internal geometry of transmembrane protein pores. The reagents might be applied to a variety of pores including additional pore-forming toxins, the outer membrane porins of gram-negative bacteria and components of the immune system such as perforin and the membrane-attack complex of complement. Interesting targets would be pores that open and close, e.g., translocons (Johnson and van Waes, 1999; Andrews, 2000) and gap junctions (Nicholson and Bruzzone, 1997; Unger et al., 1999) . The reagents might also be used to examine the vestibules of ligand-and voltage-gated ion channels (Doyle et al., 1998; Miyazawa et al., 1999) . We have also shown that a quantitative analysis of the rates of modification by the MePEG-OPSS reagents can provide a quite accurate estimate of the diameter of the transmembrane barrel of ␣HL (Movileanu, L., manuscript in preparation). Even at this point, it is clear that additional reactive polymers will be useful in studies of this kind; e.g., flexible polymers with different persistence lengths, more rigid polymers approximating hard spheres, and polymers that provide a range of reactivity towards sulfhydryl groups. Information from fundamental studies such as that presented here might also be applied to more elaborate investigations such as those with functionalized polymers (Kramer and Karpen, 1998; Blaustein et al., 2000; Movileanu et al., 2000) .
